Abstract-The LHC high gradient quadrupole coils are subject to a continuous heat load due to the beam-induced energy deposition during operation. All heat deposited in the coil must be removed so that the magnets will remain in a superconducting state. The quadrupole magnets are designed to be cooled with stagnant pressurized He 11. This paper summarizes the heat flow analyses from the insulated coil to the boiling saturated He I1 for the LHC interaction region quadrupoles. The effects of cable surface heat flux and cooling channel heights on the thermal characteristics of the magnets are studied. He I1 heat exchanger designs, arranged internally and externally are compared.
I. INTRODUCTION
A cross section of a high gradient quadrupole proposed for the LHC interaction regions is shown in Fig. 1 . The coil cross section is a two-layer design with a 70 mtn coil aperture. The 20 mm wide aluminum collar and the two-piece iron yoke provide mechanical 'support of the coils. The cold mass is contained within an 8 mm thick stainless steel skin, with an outside diameter of 416 mm. The coldmass is cooled by pressurized He I1 near 1.9 K in a manner similar to that of the LHC arc dipoles.
The quadrupole coils are subject to a continuous heat load due to the beam-induced energy deposition which varies as a function of longitudinal location, azimuth, and radius within the interaction region magnets. The peak volumetric heat load in the longitudmal direction in the inner layer coil of the quadrupole as a function of coil winding turn is plotted in Fig. 2 [ 11. This calculation assumes no absorber is inserted a radiation intercept. The maximum heat load of 4 mW/cm is in the inner layer, mid-plane cable (turn number 1 in Fig.   2 ). The maximum total heat load in one of the inner triplet quadrupoles is 36.51 W for the nominal luminosity of
The temperature margins, defined as the difference between the peak temperature of pressurized He II of 1.9 K and the critical temperature of superconducting coils under the operating conditions, are 1.7 K and 3.1 K for the inner and outer layer mid-plane turns respectively, as shown in Fig. 3 . Examination of Fig. 2 and Fig. 3 shows that the inner layer mid-plane cable is the worst case h m the thermal design point of view.
This study presents thermal calculations for the temperature rise fi-om the inner layer, mid-plane turn to the annular region between the inner cable and the beam tube; h m the annular region through the laminations to the cooling holes in the iron yoke, and h m the cooling holes through a heat exchanger to the saturated He I1 bath.
II. HEAT TRANSFER THROUGH CABLE INSULATION
The uninsulated inner cable is 15.2 mm wide and an average of 1.5 mm thick. Two layers of Kapton film are wrapped around the cable, providing electrical and mechanical insulation (Fig. 4) . First., the cables are electrically insulated with 0.025 mm thick, 9.5 mm wide film wrapped with 50% overlap. The second layer of Kapton, 0.050 mtn thick and between 4.75 mm and 9.5 mm wide, is wrapped on the insulated cable with an edge-to-edge space of between 1 mm and 4 mm forming the cooling channels between coil turns and permitting static pressurized He I1 to permeate into the . . , , , , , , . turns of the coils. For the calculations contained here, a typical second wrap with film width of 9.5 mm, edge to edge spacing of 2 mm, and height aRer curing of the coil of 0.025 mm, has been used. The temperature difference between the cable and surrounding He I1 separated by the insulation is calculated by where q. is the volumetric heat load, A is the cable cross sectional area, 11 is the heat conductance between the cable and He 11, and P, is the cooling perimeter aQ the cable cross section. The cooling perimeter P, is determined by the second layer insulation wrapping scheme
d + w
where P, is the circumference of the cable crclss section, d and w are the cooling channel width and Kapton film width, respectively. The second term in (2) is the cable edge in contact with He 11.
The total thermal resistance consists of the resistance through the 0.05 mm thick Kapton film and Kapitza thermal where 6 and k are the thickness and thermal conductivity of Kapton film, respectively, hK is the Kapitza thermal conductance between the Ibpton film and He 11. For a typical value of thermal conductivity of Kapton of 0.005 W/m K at 1.9 K and Kapitza thermal conductance of 300 W/m2K [2], the temperature difference estimated by (1) would be 1.8 1 K if there were no cooling channels between turns. The temperature difference is reduced to 0.232 K if He I1 cooling channels are provided between the turns. Therefore the He II cooling channels are neces!;ary to provide sufficient cooling for the inner layer coils. It is worth of mentioning that the major thermal resistance is caused by the 0.05 mm thick Kapton insulation layer.
An additional temperature distribution is calculated for the heat transport in the He I1 cooling channel radially inward to the beam pipe region (Fig. 5) . The surfice heat flux is calculated based on the vojiumetric heat load of the midplane cable, cable cross sectional area and the cooling perimeter of the cable. Due to the large aspect ratio of the cooling channel, a small heat flux f?om the cable surface will be converted into a fairly large heat flux within the He II cooling channel. For a surfixe heat flux of 1.844 mW/cm2, the heat flux wit$in the He 11 cooling channel will be as high as 1.18 W/cm at the channel exit. The heat removal capability of He I1 in the cooling channel depends on the cooling channel height H and surtace heat flux.
The temperature profiles within the cooling channel can be obtained by using the Gorter-Mellink equation along the channel length, assuming a constant wall heat flux, 4..
The energy equation and boundary condition are The effect of channel hei ht on the temperature profiles for a heat flux of 1.844 mW/cm within the He II cooling channel is plotted in Fig. 7 . Clearly, the channel height H has to be at least 0.005 mm to keep the He I1 temperature within the channel below 1.95 K. The strong dependence of temperature on channel height emphasizes the importance of maintaining a minimum gap during the assembly and curing of the coil package.
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HEAT FLOW THROUGH THE LAMINATIONS
We calculated the temperature drop of He II from the beam pipe to the 4 cooling holes located in the iron yoke fop various lamination packing factors using the Gorter-Mellink equation, in a manner similar to that used for SSC interaction region quadrupoles [3] . A calculated temperature drop for a Distance along Channel Length (mm) Fig. 7 . He I1 temperature profiles for varied channel heights peak heat load of 5 W/m per quadrant along the magnet axis is plotted as a function of collar and yoke lamination packing factor in Fig. 8 . The temperature drop within the He 11 is very sensitive to the gap size between the laminations as predicted by the Gorter-Mellink equation. The temperature drops near the beam pipe and collar pole area are less than 0.1 mK and temperature can be considered as constant. The temperature drop from beam pipe to the coolant holes in the iron yoke can be maintained below 15 mK if a packing factor of 99% or less is achieved. Although the correlation between packing h r and average gap size between laminations is direct, individual gap sizes vary. Typical packing factors in mufactured magnets are around 96%, and we believe a temperature drop of this size can be achieved.
N. HE I1 HEAT EXCHANGERS
A He I1 heat exchanger transfers heat fiom pressurized superfluid helium in the magnets to a saturated superfluid bath where heat is carried away by the pumped vapor. The He I1 heat exchanger for the dipole magnets is a corrugated pipe in the iron yoke [4] . Saturated He 11 flows inside the pipe and j s vaporized while absorbing heat fkom pressurized He II surrounding the pipe. For arc dipole magnets, with an average heat load of 0.4 Wlm, one heat exchanger pipe in one of the two symmetrically arranged holes in the iron yoke provides sufficient heat exchange.
For the interaction region quadrupole with the nominal beam luminosity, the average heat load is 5.3 W/m, 13 times higher than that of arc dipole magnets. Based on the He II heat exchanger experiment carried out at CERN[S], and using a design similar to that of the arc dipoles, four corrugated pipes are needed in the iron yoke to transport the heat liom pressurized He II to saturated He 11. One must wry each of these four heat exchanger pipes through the interconnect between quadrupoles as well as control the saturated He II level in the four pipes.
An altemative to the four intemal heat exchanger pipes is to carry the heat through pressurized superfluid in the four holes in the magnet yoke to the ends of the magnet, where one could carry the heat further in pressurized He II through a larger pipe radially to an external heat exchanger in the same cryostat, parallel to the magnet as shown in Fig. 9 . This heat Calculations were made comparing the internal and external heat exchanger arrangements. The total heat load in all interaction region magnets is 160 W and total length is 30 m. The saturated He II is assumed to be 1.8 K. For the internal heat exchanger ammgement, the temperature rise includes the one caused by the pressure drolp in helium vapor and the temperature difference across the hrat exchanger wall. If the heat exchanger pipes are too small, quite a large temperature rise is caused by the pressure drop of helium vapor. For the external heat exchanger, the temperature rise consists of three components, one due to the vapor pressure drop, one across the heat exchanger wall aiod the temperature d i f f m e in the pressurized He 11. Fig. 10 shows the maximum temperature rise as a function o:fhole diameter in iron yoke. Three curves for the external heat exchanger arrangement are given for various heat exchanger pipe sizes as a comparison.
V. CONCLUSIONS
Heat flow analyses fiom the insulated coils all the way to the saturated He 11 bath were performed for the LHC interaction region quadrupoles. By providing cooling channels within the cured coil and maintaining a reasonable packing factor in the collar and iron laminations, the superconducting coils can be maintained below their critical temperature. A key issue is the He I1 heat exchanger design and arrangement. The external heat exchanger may provide the means to simplify the cryogenic controls and decouple the heat exchanger design fiom the magnet design, with little modification to the proposed LHC cryogenic system, while maintaining an acceptable overall temperature margin.
